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(57) ABSTRACT

The disclosed technology generally relates to semiconductor
devices, and more particularly to transistor devices com-
prising multiple channels. In one aspect, a method of fab-
ricating a transistor device comprises forming on the sub-
strate a plurality of vertically repeating layer stacks each
comprising a first layer, a second layer and a third layer
stacked 1n a predetermined order, wherein each of the first,
second and third layers 1s formed of silicon, silicon germa-
nium or germanium and has a different germanium concen-
tration compared to the other two of the first, second and
third layers. The method additionally includes selectively
removing the first layer with respect to the second and third
layers from each of the layer stacks, such that a gap
interposed between the second layer and the third layer 1s
formed 1n each of the layer stacks. The method further
includes selectively removing the second layer from each of
the layer stacks with respect to the third layer, wherein
removing the second layer comprises at least partially
removing the second layer through the gap, thereby defiming
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SEMICONDUCTOR DEVICES COMPRISING
MULTIPLE CHANNELS AND METHOD OF
MAKING SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims foreign priority to European
Application No. 15174968.6, filed Jul. 2, 2013, the content
of which 1s incorporated by reference herein 1n 1ts entirety.

BACKGROUND

Field

The disclosed technology generally relates to semicon-
ductor devices, and more particularly to transistor devices
comprising multiple channels, and associated complemen-
tary metal-oxide-semiconductor (CMOS) devices.

Description of the Related Technology

Moore’s Law predicts a roadmap for scaling semiconduc-
tor devices in CMOS technology. In order to be able to
further scale CMOS devices 1in the future, silicon CMOS
technology 1s being complemented or replaced by technol-
ogy based on other material systems.

(Gate-all-around devices, e.g., gate-all-around transistors,
comprising channel regions formed of nanowires and gates
that completely surround the channel regions, have been
recognized as devices that can improve various device
parameters, €.g., the short channel control, at advanced
nodes 1n order to allow continued scaling of critical dimen-
sioms, €.g., gate length.

Moreover, 1n order to maintain or improve drive current
per chip area in a predetermined gate region having limited
foot print with continued scaling, process architectures in
which multiple nanowires are vertically stacked relative to
one another have been proposed.

Another trend mn CMOS processing, 1s to combine dif-
ferent semiconductor materials as channel materials on the
same substrate, for instance, for use as NMOS and PMOS
devices.

In US 2013/0270512 A1 NMOS and PMOS nanowire
devices are disclosed wherein both NMOS and PMOS
devices comprise a vertical stack of nanowires to achieve a
greater current carrying capability (e.g. larger drive currents)
for a given device footprint over a substrate. The NMOS
nanowire transistor comprises group III-V semiconductor
material, e.g. GaAs, while the PMOS nanowire comprises
group IV semiconductor material, e.g. Germamum. In some
embodiments, both NMOS and PMOS device fabrication
comprises the growth of a single stack of layers wherein
alternatingly a layer of a group IV semiconductor material
and a layer of a group III-V semiconductor matenal are
grown on top of each other. In an NMOS region, the group
IV semiconductor layer 1s then selectively removed, while 1n
a PMOS region the group III-V semiconductor layer is
selectively removed.

There 1s a need 1n industry to provide alternative solutions
which allow the combination of more than two different
semiconductor materials as channel materials on the same
substrate.

SUMMARY OF CERTAIN INVENTIV.
ASPECTS

L1

It 1s an aim of the present disclosure to provide a method
for manufacturing a transistor device comprising multiple
nanowire channels arranged above one another in a vertical
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stack, which allow the combination of more than two
different semiconductor materials as channel materials on
the same substrate.
This aim 1s achieved according to the disclosure with the
method showing the technical characteristics of the first
independent claim.
It 1s another aim of the present disclosure to provide an
associated CMOS device.
In a first aspect of the present disclosure a method 1s
disclosed for manufacturing a transistor device comprising
multiple nanowire channels arranged above one another 1n a
vertical stack, the method comprising
providing a substrate;
growing a layer stack on said substrate in at least a first
channel region, said layer stack comprising a plurality
of basic layer stacks, said basic layer stack comprising
a first silicon germanium layer, a second silicon ger-
mamum layer and a third silicon germanium layer in a
predetermined order, the first, second and third silicon
germanium layers having substantially different germa-
nium concentrations;
selectively removing a first layer of each of said basic
layer stacks, with respect to a second and a third layer
of said respective stack, thereby creating gaps in said
layer stack where said first layers were present before;

selectively removing a second layer of each of said basic
layer stacks, with respect to said third layer, wherein
said removal of said second layer occurs at least
partially from within said gaps, thereby defining said
nanowire channels.

In a specific embodiment, the method comprises

providing a substrate;
growing a layer stack on the substrate in at least a first
channel region, the layer stack comprising a plurality of
basic layer stacks, the basic layer stack comprising (or
consisting of) a silicon layer, a silicon germanium layer
and a germanium layer 1n a predetermined order;

selectively removing a first layer of each of the basic layer
stacks, with respect to a second and a third layer of the
respective stack, thereby creating gaps in the layer
stack where the first layers were present before;

selectively removing a second layer of each of the basic
layer stacks, with respect to the third layer, wherein the
removal of the second layer occurs at least partially
from within the gaps, thereby defining the nanowire
channels.

It 1s an advantage that three different nanowire channel
materials or three different stress-state nanowire materials
can be provided on the same substrate, by means of a
common 1nitial process flow.

Moreover, when the first layer of the three layers of the
basic layer stacks 1s removed selectively, a gap 1s created
within the stack, providing access to the second layer of the
three layers of the basic layer stack. This allows a relatively
quick and eflicient selective removal of the second layer.

The first selective removal step and the second selective
removal step may be independent steps or may comprise a
single step. In case a single step 1s performed, e.g. a single
ctch step, this 1s such that the first layer 1s removed {first at
a much higher speed than the second layer. Once the first
layer has been removed, the removal of the second layer can
proceed 1 an accelerated manner as i1ts upper or lower
surface 1s then exposed to the etching substance.

According to preferred embodiments, the method may
turther comprise performing a recess etch creating recesses
in between STI structures 1n a substrate, and growing the
layer stack within said recesses. Alternatively, the layer
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stack can be grown on a blanked water, and can then be
patterned into fin-type structures, protruding from the sub-
strate.

According to preferred embodiments of a first type, the
first layer has a relatively low germanium concentration, the
second layer has a relatively average silicon germanium
concentration and the third layer has a relatively high
germanium concentration, and selectively removing the first
layer and selectively removing the second layer comprises
ctching 1 a wet alkaline solution.

For instance, the first layer can be a silicon layer, the
second layer can be a silicon germanium layer and the third
layer can be a germanium layer, and selectively removing
the first layer and selectively removing the second layer
comprises etching in a wet alkaline solution.

The wet alkaline solution can for instance be or comprise
tetramethylammonium hydroxide (ITMAH), NaOH, KOH,
cthylene diamine pyrocatechol (EDP) or NH,OH. The ger-
manium layer then remains as a nanowire channel.

According to preferred embodiments of a second type, the
first layer has a relatively high germanium concentration, the
second layer has a relatively average germanium concen-
tration and the third layer has a relatively low germanium
concentration, and selectively removing the first layer and
selectively removing the second layer comprises a HCI gas
phase etch, a CF, dry etch or etch with a APM.

For instance, the first layer can be a germanium layer, the
second layer can be a silicon germanium layer and the third
layer can be a silicon layer, selectively removing the first
layer and selectively removing the second layer can com-
prise¢ a HCI gas phase etch, a CF, dry etch or etch with a
APM (ammonia and hydrogen peroxide mixture).

The silicon layer then remains as a nanowire channel.

According to preferred embodiments of a third type, the
first layer has a relatively high germanium concentration, the
second layer has a relatively low germanium concentration
and the third layer has a relatively average germanium
concentration, selectively removing the first layer comprises
etching with O,/deionised water (DIW), O,HCl or
O,/NH,OH, and selectively removing the second layer
comprises etching in a wet alkaline solution.

For instance, the first layer can be a germanium layer, the
second layer can be a silicon layer and the third layer can be
a silicon germamum layer, selectively removing the {first
layer can comprise etching with O,/deionised water (DIW)
and selectively removing the second layer can comprise
ctching 1n a wet alkaline solution (for examples, see embodi-
ments of the first type).

The silicon germanium layer then remains as a nanowire
channel.

According to preferred embodiments, the method com-
prises

growing a layer stack on the substrate 1n at least a first, as

second and a third channel region, the layer stack
comprising a plurality of basic layer stacks, the basic
layer stack comprising a silicon layer, a silicon germa-
nium layer and a germanium layer 1n a predetermined
order;

applying the method according to embodiments of the

first type 1n the first channel region;

applying the method according to embodiments of the

second type in the second channel region;

applying the method according to embodiments of the

third type 1n the third channel region.

The first, second and third channel regions preferably
correspond respectively to a high performance PMOS (Ger-
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mamum nanowire channels), an NMOS (silicon nanowire
channels) and a PMOS (S1Ge nanowire channels) nanowire
transistor.

According to preferred embodiments, the method com-
prises providing one or more gate structures provided all
around the nanowire channels.

According to preferred embodiments, the predetermined
order of the relatively low germanium concentration silicon
germanium layer, the relatively average germanium concen-
tration silicon germanium layer and the relatively high
germanium concentration silicon germanium layer 1s: rela-
tively high germanium concentration silicon germanium
layer—relatively low germanium concentration silicon ger-
mamum layer—relatively average germanium concentration
silicon germanium.

For instance, the predetermined order of a silicon layer, a
silicon germanium layer and a germanium layer 1s: germa-
nium—silicon—silicon germanium from lower layer to
upper layer.

According to alternative preferred embodiments, the pre-
determined order of the relatively low germanium concen-
tration silicon germanium layer, the relatively average ger-
mamum concentration silicon germanium layer and the
relatively high germanium concentration silicon germanium
layer 1s: relatively high germanium concentration silicon
germanium layer—relatively average germanium concen-
tration silicon germanium layer—relatively low germanium
concentration silicon germanium layer from lower layer to
upper layer.

For 1nstance, the predetermined order of a silicon layer, a
silicon germanium layer and a germanium layer 1s: germa-
nium—silicon germamum—silicon from lower layer to
upper layer.

According to preferred embodiments, the substrate 1s a
strain relaxed bufler (SRB) SiGe substrate or a silicon
substrate, and the germanium layers of the basic layer stacks
are grown with compressive stress, the Silicon layers of the
basic layer stacks are grown with tensile stress, and the S1Ge
layers of the basic layer stacks are grown such that they are
relaxed or strained.

It 1s an advantage that the presence of plurality of basic
layer stacks having the above stress relation, stabilizes the
layer stack. Indeed, this may lead to a larger amount of strain
in the layer stack and/or more wires and/or thicker wires
which are suitable for being used as wire channels.

According to preferred embodiments, growing the layer
stack comprises subsequently growing a plurality of basic
layer stacks directly on top of one another. Preferably, the
basic layer stacks are identical 1n constitution.

According to preferred embodiments, a single layer stack
1s applied over a main surface of the substrate, and 1s then
patterned. After patterning the layer stack can still be present
in the first region, or for mstance 1n the first region, second
region and third region.

In a second aspect of the present disclosure, a CMOS
device 1s disclosed comprising at least three types of tran-
sistor devices arranged 1n a substrate, wherein each type of
transistor device comprises multiple nanowire channels
arranged above one another 1n a vertical stack, wherein the
nanowire channels of the same type of transistor device
comprise the same materials, and wherein a first type of
transistor device comprises S1 nanowire channels, a second
type of transistor device comprises Ge nanowire channels,
and a third type of transistor device comprises Si1Ge
nanowire channels.

According to preferred embodiments, the nanowire chan-
nels of the different types of transistor devices are arranged
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at different, non-overlapping height ranges above the sub-
strate. In other words, the nanowire channels of different
types ol transistor devices may be ofl-set 1 the height
direction.

According to a further aspect of the present disclosure, the
removal of a SiGe layer with a Ge concentration X with
respect to a (preterably interfacing) S1Ge layer with a Ge
concentration y, with y>x, 1s performed in an alkaline
solution as described before, at temperatures within the
range of 70 to 90° C. Preferably, all oxidizing species are
removed from the etching solution (i.e. they are not present
in the etching solution), as for mstance dissolved oxygen and
traces ol hydrogen peroxide. This will strongly limit the
selective etch to the low concentration Ge layer only. It was
tound that 1f the oxidizing species are present, at these high
temperatures, an 1sotropic or less selective etch process
OCCUrs.

This can be combined with any of the embodiments of the
first aspect of the present disclosure, wherein a selective
removal of a SiGe layer with a Ge concentration X with
respect to a (e.g. interfacing) S1Ge layer with a Ge concen-
tration with a concentration y, with y>x 1s performed, for
istance where a Si1Ge layer 1n the layer stack (e.g. basic
layer stack) 1s selectively removed with respect to a Ge layer
in the layer stack (e.g. basic layer stack).

Features and advantages disclosed for one of the above
aspects of the present disclosure are hereby also implicitly
disclosed the other aspects, mutatis mutandis, as the skilled
person will recognize.

Certain objects and advantages of various inventive
aspects have been described herein above. It 1s understood
that this summary 1s merely an example and 1s not intended
to limit the scope of the disclosure. The disclosure, both as
to organization and method of operation, together with
features and advantages thereof, may best be understood by
reference to the following detailed description when read in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure will be further elucidated by means of the
following description and the appended figures.

FIGS. 1(a) to 1(c) illustrate intermediate semiconductor
structures at different process steps 1n a method of fabricat-
ing a device having a plurality of channels arranged in a
vertical stack, according to a first embodiment of the present
disclosure.

FIGS. 2(a) to 2(c) illustrate intermediate semiconductor
structures at different process steps 1 a method of fabricat-
ing a device having a plurality of channels arranged in a
vertical stack, according to a second embodiment of the
present disclosure.

FIGS. 3(a) to 3(c) illustrates intermediate semiconductor
structures at different process steps 1n a method of fabricat-
ing a device having a plurality of channels arranged in a
vertical stack, according to a third embodiment of the
present disclosure.

FI1G. 4 1llustrates intermediate semiconductor structures at
different process steps 1 a method of fabricating a device
having a plurality of channels arranged 1n a vertical stack,
according to a fourth embodiment of the present disclosure.

DETAILED DESCRIPTION OF CERTAIN
ILLUSTRATIVE EMBODIMENTS

The present disclosure will be described with respect to
particular embodiments and with reference to certain draw-
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6

ings but the disclosure 1s not limited thereto but only by the
claims. The drawings described are only schematic and are
non-limiting. In the drawings, the size of some of the
clements may be exaggerated and not drawn on scale for
illustrative purposes. The dimensions and the relative
dimensions do not necessarily correspond to actual reduc-
tions to practice of the disclosure.

Furthermore, the various embodiments, although referred
to as “preferred” are to be construed as examples by which
the disclosure may be implemented rather than as limiting
the scope of the disclosure.

Gate-all-around devices on nanowires have been pro-
posed to improve the short channel control of advanced node
devices 1n order to allow continued gate length scaling.

In order to maintain or improve drive current per chip area
with continued scaling, multiple wires have been suggested
to be arranged vertically with respect to one another, e.g., in
a vertical stack, while being spaced apart by respective gaps.

In an aspect of the present disclosure, a method 1s
disclosed for fabricating tensile-strained S1 wires (typically
used for NMOS), strained or unstrained Si1Ge wires (typi-
cally used for PMOS) and compressively-strained Ge wires
(typically used for high performance (HP) PMOS) on a
common substrate.

More generally, a method 1s disclosed for fabricating
tensile-strained Si1Ge wires (typically used for NMOS),
strained or unstrained S1Ge wires (typically used for PMOS)
and compressive-strained Si1Ge wires (typically used for
high performance (HP) PMOS) on a common substrate. The
tensile-strained, compressive strained and unstrained Si1Ge
wires typically have a diflerent germanium concentration.

In various embodiments, a layer stack 1s grown on a
substrate 1n at least a first channel region, where the layer
stack comprises a plurality of basic layer stacks. In some
embodiments, the basic layer stack includes a first layer, a
second layer and a third layer stacked in a predetermined
order, wherein each of the first, second and third layers is
cach formed of silicon, silicon germanium or germanium
and has a substantially different germanium concentration.
In some other embodiments, the basic layer stack comprises
a first silicon germanium layer, a second silicon germanium
layer and a third silicon germanium layer in a predetermined
order, where each of the first, second and third silicon
germanium layers has a substantially different germanium
concentration, ¢.g., different by at least about 10%, at least
about 15% or at least about 20%. For instance, one of the
three silicon germamum layers has a relatively low germa-
nium concentration, another of the three silicon germanium
layers has a relatively average silicon germanium concen-
tration and another of the three silicon germanium layers has
a relatively high germanium concentration. As described
herein, a relatively low germanium concentration can be
silicon-rich concentration having a germanium concentra-
tion within, e.g., the closed range of 0 to 50%; a relatively
average germanium concentration can be a concentration
within, e.g., the closed range of 25 to 75%; a relatively high
germanium concentration can be a germanium-rich concen-
tration having a germanium concentration within, e.g., the
closed range of 50 to 100%. Preferably, the relative difler-
ence 1n germanium concentration between any two of the
three silicon germanium layers 1s substantially different,
¢.g., larger than 10% or larger than 15% or larger than 20%.
The relatively average germanium concentration lies
between the relatively high and the relatively low germa-
nium concentrations.

In the examples set out below, for illustrative purposes
only, the relatively low germanium concentration silicon
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germanium layer may be described using a silicon layer, 1.e.,
a layer having essentially no germanium. However, 1t will be
understood that the embodiments are not so limited, and that
the concepts described are similarly applicable to silicon
germanium layers having relatively low germanmium concen-
trations, or silicon-rich silicon germanium layers. The rela-
tively high germanium concentration silicon germanium
layer 1s represented by a specific embodiment of being a
germanmium layer, 1.e., a layer having essentially 100%
germanium. However, 1t will be understood that the embodi-
ments are not so limited, and that the concepts described are
similarly applicable to silicon germanium layers having
relatlvely high germamum concentrations, or germanium-
rich silicon germanium layers.

In some embodiments of the present disclosure, explained
into more detail 1n the paragraphs below, a Si1Ge strain-
relaxed bufler (for instance having a Ge % concentration of
the SRB ranging between 23% and 75%, more preferably
between 40% to 60%, for instance of about 50%) 1s provided
as a starting substrate layer. As described herein, a strain-
relaxed layer 1s a layer having thickness and composition
such that, due to a lattice constant mismatch to an underlying
substrate, strain-relieving defects, e.g., dislocations, have
formed 1n the layer such that the resulting lattice constant
has at least partially relaxed to 1ts natural lattice constant that
1s different from the underlying substrate. In contrast, a
strained layer 1s a layer having thickness and composition
such that, despite a lattice constant mismatch to an under-
lying substrate, strain-relieving defects, e.g., dislocations,
have not substantially formed in the layer such that the
resulting lattice constant 1s substantially strained to match a
lattice constant of the underlying substrate. It will be appre-
ciated that, without being bound to any theory, for a layer
having a given composition and the associated lattice con-
stant that 1s different from the underlying substrate, a critical
thickness exists, which corresponds to a theoretical maxi-
mum thickness beyond which strain relaxation i1s energeti-
cally favoured through, e.g., dislocation formation. The SRB
butler layer can, for instance, be provided on a blanket water
or can for instance be provided within recesses 1n between
1solation structures, e.g., shallow trench isolation (STI)
structures on a substrate.

In some embodiments, a multi-layer stack of thin layers
(for instance each having thicknesses below 10 nm) com-
prising a tensile-strained silicon (or silicon-rich SiGe) layer,
a compressive-strained germanium (or germanium-rich
S1Ge) layer and a relaxed or stramned silicon germanium
layer 1s grown. The different layers are provided in an
alternating and repeating in regular manner, 1.€. 1n a manner
having at least one 1teration of the basic layer stack. In
various embodiments, the different layers are grown to a
thickness at or below a critical thickness, such that no
relaxation occurs and the layers remain crystalline. Accord-
ing to embodiments, the thickness can remain below the
critical thickness, such that the layer 1s stable, or below a
certain stability guaranteeing thickness which 1s larger than
the critical thickness and below which the layer 1s stable or
meta stable.

For instance, when growing a first basic layer stack, a
germanium (or germanium-rich) layer can be grown on an
underlying SiGe substrate layer (SRB layer), a silicon (or a
silicon-rich) layer can be grown on top of the germanium (or
germanium-rich) layer, and a Si1Ge layer can be grown on
top of the underlying silicon layer. This 1s illustrated in FIG.
1 (a). The germanium (or germanium-rich) layers of the
basic layer stacks are grown with compressive stress, €.g.,
without strain relaxation, the silicon (or silicon-rich) layers
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of the basic layer stacks are grown with tensile stress, e.g.,
without strain relaxation, and the Si1Ge layers of the basic
layer stacks are grown such that they are relaxed or strained.
A similar second basic layer stack can be grown on top, eftc.
It will be noted that a different starting layer can be applied
as a starting layer of the layer stack, such that the (e.g. first)
basic layer stack itsell can be seen as having a diflerent
starting layer. If the initial order i1s respected though, the
original basic layer stack will then off course be retrieved
higher 1n the stack, when growing the layer stack by growing
basic layer stacks subsequently on top of each other. The
main principle of aspects of the present disclosure remains
the same.

Alternatively, the basic layer stack can for instance com-
prise the same three layers, but in another order. Starting
with a germanmium (or germanium-rich) layer which 1s grown
on an underlying S1Ge substrate layer (SRB layer), a S1Ge
layer can be grown on top of the germanium (or germanium-
rich) layer, and a S1 (or silicon-rich) layer can be grown on
top of the underlying Si1Ge layer. This results 1n layer stacks
which are different from the layer stacks in the previous
paragraph, but the main principle of aspects of the present
disclosure remains the same. Also here, a diflerent starting
layer can be applied and, if the 1nitial order 1s respected, the
original basic layer stack will then off course be retrieved
higher 1n the stack, when growing the layer stack by growing
basic layer stacks subsequently on top of each other. The
main principle of aspects of the present disclosure remains
the same. These embodiments have not been illustrated.

The layer stack 1s then patterned, such that fin structures
are defined 1n at least a first region. Two of the three layers
of the basis layer structure are then removed selectively, 1n
one or more processing steps, for instance by means of
(1sotropic or anisotropic) etching, such that only the third
layers remain and form nanowire structures, which can be
used as a channel structure of a respective transistor.

Different removal techniques or etching techniques can be
applied, depending on the material eventually selected for
the nanowire, some of which are explained below 1n more
detail, 1n relation with FIGS. 1 to 3.

According to embodiments, the embodiments explained
in relation with FIGS. 1 to 3 can be combined, such that,
based on a common 1mtial layer stack, different nanowires,
1.e. nanowire materials are manufactured 1n a first, second
and third region respectively.

Also, a gate can be provided all around the nanowire
channels, according to embodiments. Source and drain
regions and electrodes can also be provided, according to
techniques known to the skilled person.

Referring to FIGS. 1(a)-1(¢), according to embodiments
of the first type, starting from the layer stack depicted in
FIG. 1 (a), the silicon layers are selectively removed from
the layer stack first (FIG. 1(b)). Hereto, etching by means of
a wet alkaline solution 1s performed, e.g. 1n tetramethylam-
monium hydroxide (TMAH). The wet alkaline solution can,
for instance, be or comprise TMAH, NaOH, KOH, ethylene
diamine pyrocatechol (EDP) or NH,OH. The same solution
will also etch the SiGe layer, although at a slower rate, the
latter depending on the concentration of Silicon 1n the S1Ge
layer. Once the silicon layer i1s removed, which occurs
relatively quickly, the Si1Ge layer 1s exposed at its lower
surface, allowing a much quicker removal of the S1Ge layer
as compared to the etching step which would only be acting
on the sidewalls of the S1Ge layer. The germanium layers
then remain as nanowire channels (FIG. 1(¢)).

Typically, the upper surtace of the substrate whereon the
layer stack 1s grown has a (100) orientation. The sidewall/
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facets off the layers stacks can have a (110) and (111)
direction respectively. The lower/upper layers of the layer
stack thus have the same orientation. In such a configuration,
S1 will be removed first 1n the stack and the attack of the
harder layer to remove (SiGe) can occur from the (100)
plane rather from the (110) sidewall/(111) facets.

The alkaline etch rate of SiGe becomes very low (<1
nm/min) for Si1Ge with Ge concentrations>30% (51
%<70%). In order to selectively etch S1Ge to Ge alkaline
selective etch 1s preferably done at high temperature, for
instance at temperatures within the range of 70 to 90° C.
Preferably, all oxidizing species are removed from the
ctching solution (1.e. they are not present in the etching
solution), as for instance dissolved oxygen and traces of
hydrogen peroxide. This will strongly limit the selective etch
to the sacrificial layers only. It was found that it the
oxidizing species are present, at these high temperatures, an
1sotropic or less selective etch process occurs.

Referring to FIGS. 2(a)-2(c), according embodiments of
the second type, starting from the layer stack depicted in
FIG. 2(a) (1(a)), the germanium (or germanium-rich) layers
are selectively removed from the layer stack first, as
depicted i FIG. 2(b). Selectively removing the germanium
(or germanium-rich) layers comprises performing, for
instance, a HCI gas phase etch, a CF, dry etch or etch with
a APM (ammomnia and hydrogen peroxide mixture). The
same solution will also etch the Si1Ge layer, although at a
slower rate, the latter depending on the concentration of
germanium 1n the S1Ge layer. Once the germanium (or the
germanium-rich) layer 1s removed, which occurs relatively
quickly, the Si1Ge layer 1s exposed at i1ts upper suriace,
allowing a much quicker removal of the Si1Ge layer as
compared to the etching step which would only be acting on
the sidewalls of the S1Ge layer.

The silicon layers then remain as nanowire channels (FIG.
2(c)).

Referring to FIGS. 3(a)-3(c), according to embodiments
of a third type, starting from the layer stack depicted 1n FIG.
3(a) (1(a), 2(a)), both the silicon (or silicon-rich) layer and
the germanium (or germamum-rich) layer are selectively
removed, such that the silicon germanium layers remain as
nanowire channels.

First the S1 can be removed, followed by the removal of

the Ge layer. Alternatively, first the Ge can be removed (see
FIG. 3(b)), followed by the removal of the S1 layer (FIG.

3(c)).

Selectively removing the germanium layer can comprise
etching with a solution of O, and deionised water (DIW) or
O,/HCI or O,/NH,OH. Selectively removing the silicon
layer can comprise etching in a wet alkaline solution (for
examples, see embodiments of the first type).

The silicon germanium layers then remain as nanowire
channels (FIG. 3(c)).

In FIG. 4, a further preferred embodiment 1s 1llustrated,
wherein, based on a common stack of layers, the embodi-
ments of the first (I), second (II) and third type are applied
on the same substrate (III) 1n respective first, second and
third regions.

Appropriate masking steps may be applied 1n order to
protect one or more of the regions when etching is per-
formed 1n another region.

It 1s believed that a multi-layer stack of S1, S1Ge and Ge
layers or nanowires, co-integrated on a SRB S1Ge substrate
(for mstance Ge %=50%) 1s more stable than a fully strained
Ge or stramned Si1 directly grown on such a SRB substrate.

Indeed, 1t 1s believed that tensile-strained silicon and
compressive-strained Ge balance each other out 1n a layer
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stack of thin layers. This means that the fin structures made
from the multistack layer are able to withstand higher
thermal budgets as compared to single, relatively {tall,
strained Ge or strained Si fin structures.

The removal step of sacrificial layers (e.g. two out of three
layers of a basic layer stack) in the layer stack can be based
on an 1sotropic process or an anisotropic process. In case
anisotropic processes are used, i1t 1s preferred to take into
account the crystal plane orientations, as the amisotropic
process/etching 1s also dependent on the crystal plane. The
skilled person will recognise that taking into account the
crystal plane orientations of course needs to be consistent
with final device requirements.

For example, S1 and S1Ge have shown amisotropic etch
behaviour in wet alkaline solutions. In alkaline solutions, the
etch rate o1 S1(001) and (110) crystal planes are much higher
than the (111) and planes. For the case of S1Ge the etch rates

of the (100), (110) and (111) crystal planes are of the same

order of magnitude, with the (110) crystal plane having the
lowest etch rate.

Further, e.g., S1 and S1Ge also show anisotropic etch
behaviour during HCI1 gas phase etching. The etch rate of
(100) crystallographic planes 1s higher compared to the
(110) crystal planes.

Anisotropic selective etch chemistries behave diflerently
for convex (outward) and concave (inward) corners. During
anisotropic etching the etch rate of convex corners 1s deter-
mined by the crystallographic plane with the highest etch
rate while the etch rate of concave comers 1s determined by
the crystallographic plane with the lowest etch rate. Aniso-
tropic selective etching thus forms concave corners in the
sacrificial layer. The remaining nanowire has convex shape.
The etch selectivity 1s then also determined by the slowest
etching plane of the sacrificial layer versus the fastest etch
rate of the nanowire.

By application of the nanowire stack as proposed in
embodiments of the present disclosure, the selective etch 1s
made ‘easier’ by the implementation of two sacrificial layers
within the stack. The hardest-to-remove sacrificial layer wall
have convex corners, as well as the remaining nanowire
layer.

An appropnate etch selectivity can thus be then deter-
mined by comparing the crystal planes with the highest etch
rates, both for the sacrificial layer and nanowire.

Selective etch can also be done using 1sotropic selective
ctch chemaistries, e.g. using formulated chemistries. By
splitting up the sacrificial layer into different layers, the
hardest-to-remove sacrificial layer will be etched from three
directions as compared to two for a single sacrificial layer.
This should reduce the required etch time and so increases
the selectivity of the selective removal step.

Aspects of the present disclosure provide various advan-
tages.

It 1s an advantage that combining the compressive Ge and
tensile S1 1n a multi-layer stack as disclosed stabilizes the
layer stack, allowing larger amount of strain and/or more
wires and/or thicker wires.

It 1s a further advantage that, 1n a multi-layer stack as
disclosed, one of the layers can serve as a sacrificial layer,
making the selective etch of SiGe towards the other layer
casier/shorter. For example, using TMAH as selective etch
of S1Ge to Ge, Silicon can be very easily etched out, giving
more easy access for the selective etch chemical towards
S1Ge removal. Similar advantage can also be applied for
selective etch of S1Ge towards Silicon (e.g. using HCI vapor
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ctch will remove Ge very fast, thus allowing 1sotropic S1Ge
ctch by HCI from 3 sides rather than left/right site of the
stack only.

t 1s an even further advantage that, having the three

dif
Si

‘erent nanowire channel materials, allows combination of 5
channel transistors (in this case the S1 material can be

used for NMOS transistors, either High Performance or Low

Power applications), S1Ge channel transistors (PMOS, Low
Power application) and Ge channel transistors (PMOS, High

Performance application) on a single, common substrate.

10

The foregoing description details certain embodiments of
the disclosure. It will be appreciated, however, that no matter
how detailed the foregoing appears in text, the disclosure
may be practiced in many ways.

While the above detailed description has

shown, 15

described, and pointed out novel features of the invention as
applied to various embodiments, 1t will be understood that
various omissions, substitutions, and changes in the form
and details of the device or process 1llustrated may be made

by

those skilled in the technology without departing from 20

the disclosure.

What 1s claimed 1s:
1. A method of fabricating a transistor device comprising
a plurality of channels arranged 1n a vertical stack, the

method comprising:

25

providing a substrate;
forming on the substrate 1n at least a first channel region

selectively removing the first layer with respect to the

a plurality of vertically repeating layer stacks, each of
the layer stacks comprising a first layer, a second layer
and a third layer stacked in a predetermined order,
wherein each of the first, second and third layers 1s
formed of silicon, silicon germanium or germanium
and has a different germanium concentration compared
to the other two of the first, second and third layers;

30

35
second and third layers from each of the layer stacks,
such that a gap interposed between the second layer and
the third layer 1s formed 1n each of the layer stacks; and

selectively removing the second layer with respect to the

2. The method according to claim 1, wherein the first layer

third layer from each of the layer stacks, wherein 40
removing the second layer comprises at least partially
removing the second layer through the gap, thereby
defining the channels comprising a plurality of verti-
cally arranged third layers.

45

has a relatively low germanium concentration, the third
layer has a relatively high germanium concentration higher
than the low germanium concentration, and the second layer
has a germanium concentration between the relatively low

germanium and the relatively high germanium concentra-

50

tion, wherein selectively removing the first layer and selec-
tively removing the second layer each comprises etching in
a wet alkaline solution.

3. The method
alkaline solution comprises one or more selected from the

according to claim 2, wherein the wet
55

group consisting of tetramethylammonium hydroxide
(IMAH), NaOH, KOH, ethylene diamine pyrocatechol
(EDP) and NH,OH.

4. The method according to claim 1, wherein the first layer

has a relatively high germanium concentration, the third

60

layer has a relatively low germanium concentration lower

than the relatively high germanium concentration, and the
second layer has germanium concentration between the

relatively low germanium concentration and the relatively

high concentration, and wherein selectively removing the

65

first layer and selectively removing the second layer each
comprises dry etching using a gas mixture comprising HCI,

12

dry-etching using a gas mixture comprising CF, or wet-
etching 1n a solution comprising a mixture of ammonia and
hydrogen peroxide (APM).

5. The method according to claim 1, wherein the first layer
has a relatively high germanium concentration, the second
layer has a relatively low germanium lower than the rela-
tively high germanium concentration and the third layer has
a germamum concentration between the relatively low ger-
mamum concentration and the relatively high germanium
concentration, and wherein selectively removing the {first
layer comprises etching using a solution of O, and deionized
water (DIW), a solution of O, and HCI or a solution of O,
and NH_,OH, and wherein selectively removing the second
layer comprises etching in a wet alkaline solution.

6. The method according to claim 1, wherein forming the
plurality of vertically repeating layer stacks comprises grow-
ing in at least the first channel region, a second channel
region and a third channel region, wherein each the plurality
of vertically repeating layer stacks comprises a silicon layer,
a silicon germanium layer and a germanium layer n a
predetermined order, wherein the method further comprises:

applying the method according to claim 2 in the first

channel region;

applying the method according to claim 4 in the second

channel region; and

applying the method according to claim 5 in the third

channel region.
7. The method according to claim 1, further comprising
providing one or more gate structures surrounding the
channels.
8. The method according claim 1, wherein each of the
vertically repeating layer stacks comprises:
the third layer formed on the substrate, the third layer
having a relatively high germanium concentration;

the first layer formed on the third layer, the first layer
having a relatively low germanium concentration lower
than the relatively high germanium concentration; and

the second layer formed on the first layer, the second layer
having a germanium concentration between the rela-
tively high germanium concentration and the relatively
low germanium concentration.
9. The method according to claim 8, wherein the substrate
1s a strain relaxed bufler (SRB) S1Ge substrate or a silicon
substrate, and wherein each of the first to third layers has a
thickness and a composition such that, as formed, the third
layer 1s compressive-strained, the first layer i1s tensile-
strained and the second layer 1s strain-relaxed or strained.
10. The method according claim 1, wherein each of the
vertically repeating layer stacks comprises:
the third layer formed on the substrate, the third layer
having a relatively high germanium concentration;

the first layer formed over the third layer, the first layer
having a relatively low germanium concentration lower
than the relatively high germanium concentration; and

the second layer interposed between the first layer and the
third layer, the second layer having a germanium
concentration between the relatively high germanium
concentration and the relatively low germanium con-
centration.

11. The method according to claim 1, wherein forming the
plurality of vertically repeating layer stacks includes grow-
ing one layer stack directly on another layer stack.

12. A CMOS device comprising at least three types of
transistor devices arranged in a substrate, wherein each type
ol transistor devices comprises multiple nanowire channels
arranged 1n a vertical stack, wherein the nanowire channels
of the same type of transistor devices comprise the same
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materials, and wheremn a first type of transistor devices
comprises S1 nanowire channels, a second type of transistor
devices comprises Ge nanowire channels, and a third type of
transistor devices comprises S1Ge nanowire channels.

13. The CMOS device according to claim 12, wherein the
nanowire channels of the different types of transistor devices
are arranged at different, non-overlapping height ranges
above the substrate.

14. A method of fabricating a semiconductor device,
comprising:
providing a substrate;
forming a plurality of vertically repeating layer stacks
cach comprising a first layer, a second layer and a third
layer, wherein each of the first, second and third layers
1s formed of silicon, silicon germanium or germanium
and has a germanium concentration diflerent from the
other two of the first, second and third layers;

selectively removing the first layer from each of the layer
stacks such that a gap interposed between the second
layer and the third layer 1s formed; and

selectively removing the second layer from each of the

layer stacks, such that a plurality of vertically arranged
third layers are formed.

15. The method of claim 14, wherein selectively remov-
ing the first layer comprises completely removing the first
layer, and wherein selectively removing the second layer
comprises completely removing the second layer after the
first layer 1s completely removed.
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16. The method of claim 15, wherein one of the first,
second and third layers has a germanium concentration
between about 25% and about 75%, and each of the others
of the first, second and third layers has a germanium
concentration that 1s different by at least 10%.

17. The method of claim 16, wherein forming the plurality
of vertically repeating layer stacks comprises forming a
germanium-rich Si1Ge layer contacting the substrate, a sili-
con-rich S1Ge layer contacting the germanium-rich S1Ge
layer and a S1Ge layer having a germanium concentration
between about 25% and about 75% contacting the germa-
nium-rich SiGe layer.

18. The method of claim 17, wherein the substrate com-
prises a strain-relaxed bufler layer, and wherein forming the
layer stacks comprises forming the germanium-rich SiGe
layer and the silicon-rich S1Ge layer each having a thickness
smaller than a respective critical thickness for strain relax-
ation such that as-grown, each of the germamum-rich S1Ge
layer and the silicon-rich Si1Ge layer 1s fully strained.

19. The method of claim 17, wherein forming the plurality

of vertically repeating layer stacks comprises forming a
germanium layer contacting the substrate, a silicon layer
contacting the germanium layer and a S1Ge layer having a
germanium concentration between about 23% and about
75% contacting the germanium layer.
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